.  .  REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OBMNo.  0704-0188 

Public  reporting  burden  tor  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  or  any  other  aspect  of  this  collection 
of  Information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  information  Operations  and  Reports,  1215  Jefferson  Davis 
Highway,  Suite  1 204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget.  Paperwork  Reduction  Project  (0704-01 88),  Washington,  DC  20503. 

1.  AGENCY  USE  ONLY  (Leave  blank) 

2.  REPORT  DATE 

March  1996 

3.  REPORT  TYPE  AND  DATES  COVERED 

Proceedings 

4.  TITLE  AND  SUBTITLE 

Spatial  Relationships  Between  Bacteria  and  Localized  Corrosion 

5.  FUNDING  NUMBERS 

Job  Order  No.  73505204 

Program  Element  No.  0601153N 

Project  No.  03103 

Task  No.  320 

Accession  No.  DN094463 

6.  AUTHOR(S) 

Brenda  J.  Little,  Patricia  A.  Wagner,  Kevin  R.  Hart,  and  Richard  1.  Ray 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Research  Laboratory 

Oceanography  Division 

Stennis  Space  Center,  MS  39529-5004 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

NRL/PP/7333-95-0083 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Office  of  Naval  Research 

800  N.  Quincy  Street 

Arlington,  VA  22217-5000 

10.  SPONSORING/MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

Corrosion  96,  24-29  March,  Denver,  CO,  Paper  No.  278 

12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited. 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  words) 

Spatial  relationships  between  bacteria  and  polarization  were  examined  using  microbiological  and  surface  analytical 
techniques.  Corrosion  products  produced  by  well-established  artificial  crevices  in  304  stainless  steel  in  abiotic  seawater  were 
associated  with  large  numbers  of  bacteria  after  brief  exposures  to  natural  seawater.  The  presence  of  bacteria  did  not  alter  the 
distribution  or  composition  of  the  corrosion  products.  Cathodic  polarization  increased  the  number  of  viable  marine  bacteria  and 
extracellular  debris  on  304  stainless  steel.  Bacterial  colonization  and  metabolism  can  fix  anodes  and  cathodes;  however,  abiotic 
polarization  can  influence  the  number  and  types  of  bacteria  associated  with  the  surface.  Spatial  relationships  between  bacteria 
and  localized  corrosion  cannot  independently  be  interpreted  as  causal. 

i 

14.  SUBJECT  TERMS 

microbiologically  influenced  corrosion,  cathodic  polarization,  crevice  corrosion 

15.  NUMBER  OF  PAGES 

8 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 

OF  REPORT 

Unclassified 

18.  SECURITY  CLASSIFICATION 

OF  THIS  PAGE 

Unclassified 

19.  SECURITY  CUSSIFICATION 

OF  ABSTRACT 

Unclassified 

20.  LIMITATION  OF  ABSTRACT 

SAR 

NSN  7540-01 -280-5500 


Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  239'18 
298-102 


cx> 

LO 

<II>  SPATIAL  RELATIONSHIPS  BETWEEN  BACTERIA 

AND  LOCALIZED  CORROSION 


Brenda  J.  Little,  Patricia  A.  Wagner,  Kevin  R.  Hart,  and  Richard  1.  Ray 

Naval  Research  Laboratory 
Stennis  Space  Center,  MS  39529-5004 


ABSTRACT 

Spatial  relationships  between  bacteria  and  polarization  were  examined  using  microbiological  and  surface  analytical 
techniques.  Corrosion  products  produced  by  well-established  artificial  crevices  in  304  stainless  steel  in  abiotic 
seawater  were  associated  with  large  numbers  of  bacteria  after  brief  exposures  to  natural  seawater.  The  presence  of 
bacteria  did  not  alter  the  distribution  or  composition  of  the  corrosion  products.  Cathodic  polarization  increased  the 
number  of  viable  marine  bacteria  and  extracellular  debris  on  304  stainless  steel.  Bacterial  colonization  and  metabo¬ 
lism  can  fix  anodes  and  cathodes;  however,  abiotic  polarization  can  influence  the  number  and  types  of  bacteria 
associated  with  the  surface.  Spatial  relationships  between  bacteria  and  localized  corrosion  cannot  independently  be 
interpreted  as  causal. 

Keywords:  microbiologically  influenced  corrosion,  cathodic  polarization,  crevice  corrosion 


INTRODUCTION 

Microbiologically  influenced  corrosion  (MIC)  does  not  produce  any  unique  form  of  localized  corrosion.  Instead, 
MIC  can  result  in  pitting,  crevice  corrosion,  and  under-deposit  corrosion,  in  addition  to  enhanced  galvanic  and 
erosion  corrosion.  Since  there  are  no  definitive  tests  for  MIC,  diagnosis  requires  a  combination  of  electrochemical, 
surface  analytical,  and  microbiological  techniques.  Often  the  most  convincing  evidence  for  MIC  is  the  spatial 
relationship  that  exists  between  specific  physiological  types  of  bacteria  and  the  manifestation  of  localized  corrosion. 
Spatial  relationships  are  usually  quantified  using  microbiological  culture  techniques  or  microscopy.  For  example. 
Little  et  al.^  demonstrated  sulfate-reducing  bacteria  (SRB)  within  sulfide  corrosion  products  on  copper  alloys.  Cells 
were  heavily  encrusted  with  copper  sulfides.  Similarly,  iron-depositing  bacteria  have  been  identified  in  tubercles  on 
stainless  steels.^  In  oxygenated  media,  tubercles  cause  aggressive  under-deposit  corrosion  in  stainless  steels  by 
establishing  a  relatively  small  anode  surrounded  by  a  large  cathode.  In  both  cases,  spatial  relationships  between 
bacteria  and  corrosion  products  were  used  to  support  the  case  for  cause  and  effect,  i.e.,  that  microorganisms  caused 
pitting.  The  role  that  bacteria  play  in  producing/inducing/influencing  anodic  reactions  has  been  documented.  How¬ 
ever,  the  impact  that  anodic  and  cathodic  polarizations  have  on  deposition  or  settlement  of  bacteria  has  not  been 
adequately  addressed.  In  this  paper,  experiments  were  designed  to  answer  the  following  questions:  (1)  Do  anodic 
and  cathodic  polarizations  influence  the  distribution  and  type  of  bacterial  cells  on  corroding  surfaces?,  and  (2)  Can 
spatial  relationships  between  bacteria  and  localized  corrosion  be  used  to  interpret  MIC? 
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METHODS  AND  MATERIALS 


Experiments  were  designed  to  insure  that  304  stainless  steel  electrode  surfaces  had  defined  anodic  or  cathodic 
regions  in  abiotic  media  prior  to  exposure  to  bacteria.  Natural  Bay  St.  Louis,  MS,  seawater  (25  ppt)  to  which  an 
inoculum  of  Oceanospirillum  sp.  had  been  added  was  used  as  the  source  of  bacteria  for  all  biotic  exposures.  Open 
circuit  potential  measurements  (Econ)  a  function  of  time  were  measured  with  Princeton  EG&G  potentiostats 
(Model  173,  Model  273,  and  Model  350).  Artificial  crevices  were  initiated  by  placing  a  small  piece  of  sterile  wood 
under  the  gasket  of  the  electrode  holder  across  the  face  of  the  electrode.  Identical  electrodes  were  maintained 
without  crevices.  Electrodes  were  exposed  to  700  ml  filtered  35  ppt  artificial  seawater  (0.10  |xm  Millipore  filter)  to 
allow  the  formation  of  corrosion  products  on  specimens  with  crevices.  After  11  days,  50  ml  of  natural  seawater  was 
added  to  the  abiotic  electrolytes  containing  electrodes  with  and  without  crevices.  Abiotic  controls  were  maintained 
for  all  exposures.  After  5  days  electrodes  were  removed,  placed  in  seawater-buffered  glutaraldehyde,  and  examined 
using  environmental  scanning  electron  microscopy  (ESEM)  coupled  with  energy  dispersive  x-ray  analysis. 

The  effects  of  cathodic  polarization  on  spatial  distribution  were  examined  by  polarizing  304  stainless  steel 
electrodes  at  -400  mV  (vs.  saturated  calomel  electrode  (SCE))  for  72  hours  and  measuring  Ecorr  for  4  additional 
days.  Electrodes  were  polarized  in  natural  Bay  St.  Louis,  MS,  seawater  augmented  with  Oceanospirillum  sp.,  and 
compared  to  unpolarized  samples.  Serial  dilution  cultures  (MICKIT,  Bioindustrial  Technologies,  Georgetown,  TX) 
and  ESEM  were  used  to  quantify  bacterial  groups  on  the  surfaces  of  the  unpolarized  and  polarized  1  cm^  electrodes. 


RESULTS 

Corrosion  products  on  304  stainless  steel  in  which  an  abiotic  crevice  was  first  induced  were  associated  with 
bacteria  after  a  5-day  exposure  to  natural  seawater  (Figure  1).  Within  the  corrosion  products,  spirilla,  rods,  vibrio; 
and  filamentous  cells  were  identified  (Figure  2a-e).  Cell  types  tended  to  be  isolated  from  one  another  and  did  not 
appear  in  consortia  as  one  would  expect  if  the  surface  had  indeed  been  colonized  by  the  marine  bacteria.  The 
remainder  of  the  electrode  surface  was  free  of  corrosion  and  only  isolated  bacterial  cells  could  be  located.  Experiments 
were  reproduced  three  times  with  the  same  result.  In  one  case,  large  numbers  of  diatoms  were  associated  with  the 
corrosion  products  after  the  5-day  exposure  to  natural  seawater  (Figure  2f).  In  abiotic  controls,  corrosion  products 
formed  in  an  identical  fashion  (Figure  3a-d).  In  all  cases,  the  corrosion  products  were  enhanced  in  chromium 
relative  to  the  base  alloy.  The  presence  of  bacteria  did  not  change  the  distribution  or  elemental  composition  of  the 
corrosion  products. 

Cathodic  polarization  also  influenced  numbers  and  types  of  cells  on  the  surface.  Isolated  cells  could  be  found 
on  unpolarized  controls,  whereas  polarized  samples  were  covered  with  small  rods  after  the  same  7-day  exposure 
period  (Figures  4,  5).  In  addition  to  cells,  there  was  more  extracellular  debris  on  the  polarized  sample.  Differences 
in  cell  numbers  were  substantiated  with  culture  results.  The  natural  seawater  was  positive  for  SRB  (10*^— 10^), 
acid-producing  bacteria  (>10'*),  facultative  anaerobes  (>10'*)  and  aerobic  heterotrophs  (10^-10'*)  cells  per  cc.  The 
polarized  1  cm^  surface  was  positive  for  all  physiological  types,  while  the  unpolarized  surface  was  negative  for  SRB 
and  positive  for  other  groups.  Currents  required  during  polarization  decreased  with  time  from  approximately  20  to 
4  pAcrn"^. 


DISCUSSION 

Because  the  diagnosis  of  MIC  can  be  controversial,  it  is  extremely  important  that  the  interpretation  of  spatial 
relationships  be  unambiguous.  McNeil  et  al.^  defined  two  subsets  of  microbiologically  influenced  sulfide  attack  of 
copper  alloys — Intermediated  and  induced — based,  respectively,  on  whether  or  not  SRB  produced  sulfides  within  a 
biofilm.  In  the  two  examples  of  MIC  cited  in  the  introduction,  evidence  that  bacteria  caused  pitting  corrosion  was 
overwhelming.  In  the  case  of  copper  alloys,  large  numbers  of  SRB  were  cultured  from  the  surface  and  sulfide 
minerals  within  the  corrosion  products  were  identified.  In  the  absence  of  SRB,  there  would  have  been  no  corrosion. 
Similarly,  iron-depositing  bacteria  produced  the  tubercle  within  which  they  were  found.  Tubercles  created  differential 
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aeration  cells  and  under-deposit  corrosion  of  the  316  stainless  steel.  Without  the  activities  of  iron-depositing  bacteria 
there  would  have  been  no  tubercles  and  no  corrosion.  Other  surface  deposits  can  result  in  under-deposit  corrosion, 
and  there  are  other  mechanisms  for  formation  of  tubercle-like  deposits.  In  experiments  described  in  this  paper, 
corrosion  was  well  established  before  introduction  of  bacteria.  Their  presence  in  corrosion  products  cannot  be  used 
to  interpret  formation  of  the  crevice.  In  fact,  they  are  associated  with  the  corrosion  products  and  not  directly  with 
the  pitting,  as  in  the  case  of  the  iron-depositing  bacteria.  The  exact  spatial  relationship  in  this  case  is  subtle,  but 
important.  Dexter"^  made  a  similar  observation  with  316  stainless  steel  where  he  “suspected  that  the  bacteria  in  the 
corrosion  product  mounds  are  not  directly  involved  in  corrosion  initiation,  but  become  associated  with  the  corrosion 
site  after  initiation,  perhaps  because  the  electrochemistry  creates  a  favorable  environment  for  their  growth.”  Franklin 
et  al.^  reported  that  bacterial  cells  were  associated  with  anodic  regions  detected  using  scanning  vibrating  electrode 
microscopy.  They  were  cautious  not  to  interpret  their  data  to  indicate  that  the  cells  caused  the  anodic  sites.  They 
did  observe  that  once  bacteria  were  associated  with  anodic  regions,  those  areas  remained  anodic  for  the  duration  of 
the  experiments.  Anodic  sites  not  associated  with  bacteria  were  transient.  Wagner  et  al.^  observed  that  bacteria 
preferentially  colonized  fiber-reinforced  composites  along  fibers  or  within  scratches  or  breaks  of  fibers.  They  did 
not  interpret  the  close  spatial  relationship  of  cells  in  association  with  fiber  breaks  as  indicative  that  cells  caused  the 
fiber  disruptions.  Instead,  they  observed  that  fiber  breaks  were  preferentially  colonized. 

Campaignolle  et  al.^  and  Licina  et  al.^  independently  developed  techniques  for  measuring  galvanic  currents 
sustained  by  bacteria.  Both  techniques  use  cathodic  polarizations  and  Licina  et  al.®  stated  that  polarization  “encour¬ 
aged  biofilm  formation.”  Licina  has  not  specifically  addressed  the  differences  in  the  microflora  resulting  from  the 
polarization,  only  the  necessity  to  polarize.  He  indicated  that  biofilms  that  formed  on  the  anodes  and  cathodes  of 
the  Bi.George™  probe  were  different  in  cell  numbers  and  morphologies  (personal  communication).  Angell  et  al.,^ 
using  the  concentric  ring  electrode  approach,^  demonstrated  that  in  experiments  where  a  galvanic  current  was 
maintained,  the  numbers  of  bacteria  isolated  from  the  anode  were  10  to  100  times  greater  than  numbers  from  the 
cathode.  The  authors  speculate  that  the  higher  level  of  colonization  could  be  the  result  of  negatively  charged  bacteria 
being  attracted  to  the  positively  charged  anode.  They  did  not  report  cell  numbers  for  unpolarized  electrodes.  It  is 
clear  that  bacteria  would  have  settled  on  all  surfaces  over  some  period  of  time.  It  is  not  clear  that  the  same  numbers 
and  types  of  cells  would  have  settled  in  the  absence  of  polarization.  Angell  et  al.^  specified  that  their  “system  does 
not  seek  to  represent  any  natural  occurring  situation  . . .”.  Nekoksa  and  Gutherman^*^  and  Guezennec  et  al.^^  showed 
that  more  marine  bacteria  settled  on  cathodically  protected  metals  than  on  unpolarized  ones.  Gomez  de  Saravia 
et  al.^^  and  Videla  et  al.^^  demonstrated  that  cathodic  polarization  in  a  seawater  medium  increased  numbers  of  SRB 
and  decreased  numbers  of  aerobic  bacteria  on  carbon  steel  surfaces  relative  to  unpolarized  controls.  They  hypothesized 
that  preferential  increases  or  decreases  in  cell  types  were  due  to  differences  in  cell  isoelectric  points. 


CONCLUSIONS 

It  is  not  the  purpose  of  this  paper  to  refute  or  question  the  importance  of  spatial  relationships  in  the  interpretation 
of  MIC,  but  to  indicate  that  proper  identification  of  MIC  requires  more  data  than  simple  cell  numbers  or  pictures 
of  bacterial  cells  in  association  with  corrosion  products.  Corrosion  products  associated  with  crevices  on  304  stainless 
steel  were  associated  with  large  numbers  of  marine  bacteria.  Bacteria  did  not  cause  the  crevice.  Instead,  the  crevice 
was  responsible  for  the  location  and  concentration  of  bacterial  cells  in  the  area.  The  nature  of  the  attraction/ 
association  has  not  been  addressed  in  this  paper.  Cathodic  polarization  resulted  in  increased  cell  numbers  on  the 
surface  of  304  stainless  steel. 
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Figure  1.  (a)  Crevice  in  304  stainless  steel  induced 
in  abiotic  seawater  and  then  exposed  to  natural 
seawater  for  5  days.  Arrow  indicates  pits  (3x)  and 
(b)  corrosion  products  (arrow)  (30x). 
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Figure  2.  (a)  Corrosion  products  (arrow)  related  to  Fig.  1  (30x);  (b,  c)  bacteria  amassed  within  corrosion  products, 
(d)  spirilla  and  rod-shaped  bacteria  in  association  with  corrosion  products,  (e)  rod-shaped  bacteria  clumped  together 
with  corrosion  products,  and  (f)  diatoms  associated  with  corrosion  products. 
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Figure  3.  (a)  Crevice  in  304  stainless  steel  in  abiotic  seawater  (3x),  (b)  corrosion  products  (arrow)  (32x), 


(c)  pit  and  associated  corrosion  products,  and  (d)  corrosion  products. 
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Figure  4.  (a)  Unpolarized  304  stainless  steel  surface  and  (b)  isolated  bacteria  after  7-day  exposure  to  natural 
seawater. 


Figure  5.  (a)  Cathodically  polarized  304  stainless  steel  (-400  mV  SCE)  and  (b)  bacteria  and  debris  after  7-day 
exposure  to  natural  seawater. 
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